Our data suggest that multipotency is a state of multiple oscillating neurogenic and gliogenic determination factors and that cell fate choice is a process of sustained expression of a single factor. This switching may be induced by the fluctuations of Notch signaling (supplementary text). The detailed mechanism by which the oscillatory and sustained Ascl1 expression differentially regulates downstream gene expression remains to be determined. A recent report indicates that the proneural factor Ngn2 is differentially phosphorylated between NPCs and neurons and controls the expression of its target genes differently depending on its phosphorylation status (37). We speculate that oscillatory and sustained expression of proneural factors could be involved in the different posttranscriptional modulation that is responsible for target gene selectivity. We also demonstrated that the light-switchable gene expression system offers an efficient way to control the proliferation and differentiation of stem cells by changing the light-exposure pattern rather than using different growth factors or chemicals, showing its applicability to the regeneration technology.
The mechanics of great subduction earthquakes are influenced by the frictional properties, structure, and composition of the plate-boundary fault. We present observations of the structure and composition of the shallow source fault of the 2011 Tohoku-Oki earthquake and tsunami from boreholes drilled by the Integrated Ocean Drilling Program Expedition 343 and 343T. Logging-while-drilling and core-sample observations show a single major plate-boundary fault accommodated the large slip of the Tohoku-Oki earthquake rupture, as well as nearly all the cumulative interplate motion at the drill site. The localization of deformation onto a limited thickness (less than 5 meters) of pelagic clay is the defining characteristic of the shallow earthquake fault, suggesting that the pelagic clay may be a regionally important control on tsunamigenic earthquakes. F or the 11 March 2011 moment magnitude (M w ) = 9.0 Tohoku-Oki earthquake, pronounced coseismic weakening of the plateboundary fault may explain the nearly total stress drop, the associated change from a thrust to normal faulting stress state in the wedge (1) (2) (3) , and the large slip that breached the trench (4-6). Friction and other properties of faults relevant to slip behavior depend on the composition (e.g., clay content) and structure (e.g., orientation, thickness, and rock fabric) of the active slip zones.
The Japan Trench Fast Drilling Project (JFAST), Integrated Ocean Drilling Program (IODP) Expedition 343 and 343T (1 April to 24 May and 5 to 19 July 2012) was designed to locate and directly sample the shallow, active slip zone of the M w = 9.0 Tohoku-Oki earthquake (7) . The JFAST drill site (C0019) is seaward of the 2011 Tohoku-Oki earthquake hypocenter and just landward of the Japan Trench, about 200 km offshore of Sendai city (Fig. 1 ). In this area, the earthquake exhibited relatively low speed of rupture propagation with long-period radiation akin to tsunami earthquakes (8, 9) , with exceptionally large slip at the trench (4, 10) . A predrilling multichannel seismic survey of the drill site (11) showed that the frontal prism of the upper plate lacks coherent reflectors. In the subducting plate below the prism and seaward to the outer rise, the basaltic crust and overlying sediments are offset by normal faults with several hundred meters throw (11, 12) . The drill site sits atop a horst (Fig. 1B) .
The drilling vessel Chikyu drilled three closely spaced holes to >844 meters below the seafloor (mbsf ) to reach the strong seismic reflectors thought to mark the top of the basalt of the subducting plate (Fig. 1B) , thus crossing the plate boundary. We deployed logging-while-drilling tools, including natural gamma ray and multiple resistivity sensors, to record data for the entire depth of the first hole; core samples were recovered from key intervals of the second hole, and a temperature-sensing observatory was installed in the third hole (7) . The integration of geophysical data with analyses of core samples allowed identification of the top of the geologic plate boundary at~820 mbsf, which coincides with the seismic reflector interpreted as the plate boundary fault (7, 11, 12) that extends seaward past the horst and into the trench graben (Fig. 1C) . Analysis of the temperature data recovered from the third borehole indicates the Tohoku-Oki earthquake rupture occurred at essentially the same depth as the plateboundary fault identified in the logging and coring boreholes [fig. S1 (13) ]. On the basis of a palinspastic reconstruction of our structural interpretation ( fig. S2 ), we estimate that the cumula-tive displacement across the plate-boundary fault at the drill site is~3.2 km.
The top of the plate-boundary fault zone is identified by changes in lithology, sediment age, log signature, and orientations of bedding determined from resistivity image logs (7) . From 275 to~820 mbsf, bedding is dipping~30°to 70°w ith strikes normal to the plate convergence direction. Core samples from 690 to~820 mbsf contain Pliocene to Pleistocene radiolaria. Below 820 mbsf, the bedding uniformly dips <10°and displays high gamma ray signatures to~835 mbsf (Fig. 2) . Radiolarian microfossils in core samples confirm that the shallowly dipping, high gammaray strata are Late Miocene mudstones and Cretaceous pelagic clay. The transition to high resistivity and low gamma ray at~835 mbsf represents the transition from pelagic clay to Cretaceous chert. The subhorizontal strata (below~820 mbsf) are lithologically similar to the basal sediments documented on the outer rise of the Pacific Plate about 260 km to the northeast at site 436 of the Japan Trench transect, Leg 56, Deep Sea Drilling Project Red dots indicate ocean drilling sites, and the red star is the epicenter of the Tohoku-Oki earthquake (EQ). Contours show the coseismic slip inferred from various data sets, and the dashed line shows the approximate rupture area of the 1896 Meiji-Sanriku tsunami earthquake (6, 8, 9, 23) . The direction of motion of the Pacific Plate (PA) relative to Honshu [North American Plate, NAM (28) ] is shown. The red line shows the approximate orientation of the in-line seismic profile HD33B (29) . DSDP indicates Deep Sea Drilling Project. (B) A portion of the in-line seismic profile (HD33B) showing the location of the boreholes, frontal prism and trench, the normal-faulted basal pelagic sediments and oceanic basalt, and the interpreted location of the plate-boundary fault and associated faults in the sediments. mbsl, meters below sea level; V.E., vertical exaggeration. (C) Seismic data show the presence of a faint but continuous reflector, interpreted as the plate-boundary fault [see also (11) ] identified in the drill hole, that continues eastward above the top of the basement of the horst and cuts down into the sediment fill of the graben of the trench.
www.sciencemag.org SCIENCE VOL 342 6 DECEMBER 2013 (14) ( Fig. 1 ). We therefore identified the top of the plate-boundary fault at the contact between the inclined bedding of the deformed prism and the flat-lying basal sediments of the subducting plate at~820 mbsf (Fig. 2) .
The plate-boundary fault zone consists of a layer of brown clay with a unique scaly fabric not seen in any other portion of the core (Fig. 2 ). About 1 m of the scaly clay unit was recovered in core 17R (343_C0019E-17R-1) from the depth 821.5 to 822.65 mbsf. The contacts between the scaly clay and the bounding sediments were not recovered in cores, but, on the basis of adding the lengths of 17R and neighboring unrecovered sections, the total thickness of the scaly clay layer is less than 4.86 m (Fig. 2) .
Log signature, lithology, chemical differences, and the tectonic fabric distinguish the scaly clay of core 17R as unique relative to all other sediments penetrated by the borehole (fig. S3 ). A greater concentration of K, Al, and Mn in the scaly clay layer relative to other core samples ( fig. S3 ) and a comparison of the scaly clay to the basal reference section at site 436 suggest that the scaly clay is a Paleogene pelagic clay tectonically emplaced to its current position by slip within the fault zone. An increase in number of small shear bands [dark seams and bands (7) ] and an increase in bulk density toward the scaly clay layer demarcate a ≤10-m-thick zone of fault-related deformation ( Fig. 2) ; resistivity across the fault zone remains fairly constant, suggesting a lack of open fractures ( Fig. 2 and fig. S3 ).
The scaly fabric defines a spaced, anastomosing foliation, dipping 0°to 30°that bounds variably shaped and sized lenses of clay ( Fig. 2 ), similar to scaly fabrics in core recovered from other subduction thrusts (15) . The scaly surfaces are lustrous and commonly striated, indicating distributed shear across the network of localized surfaces.
The spacing of the surfaces is centimeter scale at the base of core 17R but decreases to millimeter scale near the top of the core, reflecting an increase in the magnitude of shear strain toward the upper tectonic contact. The scaly clay is bicolored (reddish-brown and dark brown to black), and the juxtaposition of the two colors of clay highlights a prominent, sharp contact in the upper, highly sheared section (Fig. 2) . The contact is slightly wavy at the cm scale with amplitude less than 1 mm and truncates without deflection the foliations that are not parallel across the contact. We infer that this contact records seismic slip, although not necessarily that of the Tohoku-Oki earthquake, because the contact has characteristics similar to surfaces of large, localized slip and to surfaces of seismic rupture in other faults (16, 17) . Other surfaces of large, localized slip may lie within or at the boundaries of the scaly-clay layer at depth intervals that were not recovered during Fig. 2 . Logs, core data, and images of the sampled plate-boundary fault zone. Sections of core recovery (black) and no recovery (white) for each cored interval (numbered) shown on left. Other data shown versus depth from the lower prism through the subducting sediments include lithologic units, resistivity (blue curve) and gamma ray (red curve; gAPI, American Petroleum Institute gamma ray units), bedding dip as determined from resistivity images (red circles; LWD, logging while drilling) and measured in core (blue squares), and mean computed tomography (CT) number (a proxy for density) in hanging wall and footwall mudstones (green triangles) and in the scaly clay (yellow diamonds) (29) . The elevated CT number for the clay relative to that for the deformed mudstones likely reflects both consolidation and chemistry. X-ray CT image and core photos show scaly clay fabric. A few phacoids are outlined to demonstrate fabric scale and orientation (parallel to phacoid long axis). The sharp slip surface between red-brown and dark brown scaly clays with different fabric orientations is indicated with white arrows. Note that curvature of the surface of the core causes some planar features to appear curved. coring and also would be candidate horizons of the Tohoku-Oki rupture.
The fault zone at the drill site is thinner with more penetrative scaly fabric and with less extensive deformation in adjacent sediments than fault zones observed in previous ocean-drilling and onland studies (18, 19) . Accommodation of kilometers of shear displacement in the <5-m-thick scaly clay demonstrates marked long-term slip localization and that the clay layer has been weak relative to the bounding mudstones over the duration of fault activity (16, 20) . Indeed, the layer must be weaker than the surrounding sediments during periods of both seismic slip and interseismic creep. This finding is corroborated by direct laboratory measures of sliding friction for samples of the scaly clay at high shear rates (21) and of similar clay-rich materials at low shear rates (22) .
Large slip during most historical earthquakes in the northwest Pacific did not extend close to the trench, but, when it has, there have been devastating consequences from unusually large tsunamis [the 1896 Meiji-Sanriku and 2011 Tohoku-Oki earthquakes (23, 24) ]. Similar to the shallow slip zone of the 2011 Tohoku-Oki earthquake, some other subduction zones show evidence that the lithostratigraphy of the incoming plate influences the location and the architecture of the plate-boundary fault [e.g., Barbados (25) and Sumatra (26) ]. The pelagic sediments below the plate-boundary fault at the JFAST drill site are similar to those over much of the northwestern Pacific Plate (27) . Because the site shares a history and stratigraphy with the rest of the northern Japan Trench, it is possible that the structure and relative mechanical properties observed here may be representative of the subduction thrusts throughout the region. 8 Sean Toczko, 8 Expedition 343 and 343T Scientists † Large coseismic slip was thought to be unlikely to occur on the shallow portions of plate-boundary thrusts, but the 11 March 2011 Tohoku-Oki earthquake [moment magnitude (M w ) = 9.0] produced huge displacements of~50 meters near the Japan Trench with a resultant devastating tsunami. To investigate the mechanisms of the very large fault movements, we conducted high-velocity (1.3 meters per second) friction experiments on samples retrieved from the plate-boundary thrust associated with the earthquake. The results show a small stress drop with very low peak and steady-state shear stress. The very low shear stress can be attributed to the abundance of weak clay (smectite) and thermal pressurization effects, which can facilitate fault slip. This behavior provides an explanation for the huge shallow slip that occurred during the earthquake.
M egathrust earthquakes commonly occur in subduction zones at depths where there is strong locking between the plates and long-term strain accumulation (1, 2). In general, unconsolidated, soft sediments in the shallow region of the plate-boundary thrust (décollement) were thought to slip aseismically and have low levels of locking (3) . The widely accepted view was that rupture during large earthquakes was unlikely to produce large slip on the shallow décollement (1-3). However, the coseismic fault slip extended all the way to the trench axis during the 11 March 2011 Tohoku-Oki earthquake [moment magnitude (M w ) = 9.0] with very large slip (~50 m), resulting in the huge tsunami that devastated much of the east coast of northern Honshu, Japan (4) (5) (6) (7) (8) .
The Integrated Ocean Drilling Program (IODP) Expedition 343 and 343T, Japan Trench Fast Drilling Project (JFAST), provided an invaluable opportunity to investigate the plate-boundary décollement near the Japan Trench (9) . JFAST successfully drilled the décollement at~820 m below the sea floor (mbsf) in water depths of 6900 m at site C0019, located at the toe of the frontal prism in the area of large shallow slip during the 2011 earthquake. The décollement mostly consists of highly sheared clays that are marked by polished and striated surfaces wrapping around more intact lenses. The sheared clays are red-brown and dark brown to black in color and are similar to pelagic clays deposited on the incoming Pacific Plate (10, 11) . Summing the unrecovered intervals with the actual core recovery of highly deformed material constrains the total thickness of the décollement interval to be less than 4.86 m. The total thickness of the décollement-related damage zone is ≤10 m, including both overlying frontal prism material and underlying subducted sediments. The drilling results at site C0019 clarified that plate-boundary faulting in this region is highly localized in pelagic clay (10) .
To determine frictional properties that control the earthquake slip, we used a rotary shear apparatus capable of high velocity and large slip to conduct laboratory tests on the décollement material taken from site C0019 (12) . The recovered décollement material may not include the principal slip surface of the Tohoku-Oki earthquake, but it is the host material of the earthquake slip zone, and therefore studying its frictional behavior at high slip rates helps us understand the obersved large coseismic slip. Experimental parameters were set at an equivalent slip rate of 1.3 m s −1 , normal stresses of~2.0 MPa, and displacements of~15 to 60 m, which are comparable to the conditions of fault slip during the earthquake. We also simulated permeable and impermeable conditions during high-velocity shearing because permeability is an important factor in controlling frictional behavior. The actual fault conditions during the earthquake could be partially drained and thus lie between these two end-member cases.
The measurements of shear stress at a normal stress of 2.0 MPa showed an initial peak during slip of less than 1-m displacement, then quickly dropped to steady-state values of~0.4 and 0.2 MPa for the permeable and impermeable cases, respectively (Fig. 1, A and B) . Compared with the permeable tests, the impermeable tests show lower values of shear stress (Fig. 1C) (12) . For the same amount of displacement, the calculated temperature in the gouge is always smaller for the impermeable tests compared with the permeable tests, likely because thermal expansion of pore fluids raises the local fluid pressure in the sheared gouge and thus decreases the effective normal stress. The axial displacement data indicate that the section of rock specimen-gouge compacted and then dilated for both the permeable and impermeable tests. There is more compaction in the permeable tests relative to the impermeable tests, consistent with an easier escape of water from the gouge to the specimen (permeable Berea sandstone). The initial compaction during impermeable tests may be due to the development of foliated zones in the gouge (Fig. 2C ). For permeable tests, the dilation occurs in association with the ther-mal expansion of quartz grains in the sandstone that is noteworthy at temperatures of 500°to 573°C (13) . For the impermeable tests, thermal expansion of quartz grains is unlikely to occur because of the smaller temperature rise in the gouge and a smaller fraction of quartz in the specimen (Indian gabbro); therefore, the dilation is attributed to thermal expansion of pore fluid in the gouge material itself. These experimental results indicate that for impermeable conditions, the gouge material of the shallow décollement can be weakened due to effective thermal pressurization (14) (15) (16) .
For permeable tests, there is a dependence of shear stress on normal stress (Fig. 1C ). For the impermeable tests, the shear stress at the peak and steady state is weakly dependent and independent of normal stress, respectively. We extrapolate the relations between the steady-state shear stress and normal stress under permeable and impermeable cases (equations in Fig. 1C ) to the effective normal stress at a depth of 820 mbsf on the décollement at site C0019 (7 MPa Experimental results for the Japan Trench décollement material at seismic slip rates. Shear stress, slip rate, axial displacement, and temperature during highvelocity shearing under permeable (A) and impermeable (B) conditions at normal stress (s n ) of 2.0 MPa, plotted as a function of displacement. P, initial peak shear stress; SS, steadystate shear stress. Positive and negative axial displacements indicate dilation and compaction, respectively. Temperature data are the maximum temperature in the gouge (12) . (C) Peak shear stress (t p ) (solid circles) and steady-state shear stress (t ss ) (solid squares) versus s n under permeable (red) and impermeable (blue) conditions. the apparent coefficient of friction estimated from the temperature anomaly at the plate-boundary thrust are 0.54 MPa and 0.08, respectively (17) . Comparisons of these values show that the frictional level estimated from the fault-zone temperature measurements is intermediate between the permeable and impermeable laboratory results on the fault gouge, but closer to the impermeable condition. It is likely that the Tohoku earthquake faulting occurred under only weakly drained or impermeable conditions.
After the experiments, we examined microstructures of the gouge. Thin sections cut tangential to the outer rims of the specimen assembly (2.5 mm from the cylinder boundary and 33 mm from the upper and lower boundaries of the rock specimen) show clay foliations parallel to gouge boundaries and random orientation of fragments in the matrix (Fig. 2) . The thickness of the gouge layer before high-velocity shearing is 0.8 mm. Following the permeable experiments, some fragments in the gouge matrix are defined by quartz or feldspar grains surrounded by a cortex of concentric clays (Fig. 2B ). These spherical aggregates resemble clay-clast aggregates, which are seen after dry (room humidity) frictional experiments on clay-rich gouges (18) (19) (20) . The clay-clast aggregates may form as the water escapes from the gouge during permeable experiments. Following the impermeable experiments, the foliated zones in the gouge are incorporated into the extremely fine-grained matrix in some places (Fig. 2C) . In other places, injection of extremely fined-grained material and mixing of materials of different colors without shear surfaces are observed (Fig. 2 , D and E). These deformation features and temporal relation of microstructures show that the slip along the foliated zone was followed by fluidization (a phenomenon by which gouge materials in suspension move with a mean free path like that of gas molecules, which is favored by low effective normal stress). The microstructures of the fluidized gouge and the independence of steadystate shear stress on normal stress under the impermeable condition are compelling indications www.sciencemag.org SCIENCE VOL 342 6 DECEMBER 2013 of thermal pressurization of pore fluid and that the gouge behaved like a fluid during highvelocity shearing. Our experiments show that the Japan Trench décollement material behaves in a manner that promotes further large displacement once highvelocity slip initiates, predominately due to very low shear stress. To understand if this is similar to the behavior of material from other subduction zones, we also performed high-velocity friction experiments on décollement materials for the Nankai Trough (12) . Like materials from the Japan Trench, the Nankai Trough materials also exhibit lower shear stress in the experiments under impermeable conditions than in those under permeable conditions, consistent with the idea that low-permeability conditions better contain pore fluid so that thermal pressurization occurs more effectively (Fig. 3, A and B) . However, when we compare the data obtained under the same experimental conditions for the two different regions, the décollement material from the Japan Trench has overall lower shear stress from peak to steady-state conditions than the material from the Nankai Trough.
The clay content and clay mineralogy of the fault-zone material differs between the Japan Trench and the Nankai Trough (Fig. 3C) (12) . The décollement of the Nankai Trough developed in the hemipelagic mudstone (21) , whereas that of the Japan Trench is localized in pelagic clays (10) . The total clay content in the Nankai décollement is estimated to be 65% (21), compared with 85% for the Japan Trench décollement. The smectite content in the Nankai Trough and Japan Trench décollements is 31 and 78% of the total mineral-ogy, respectively (12) . Smectite is known as one of the lowest-friction minerals (22, 23) . The abundance of smectite means that large slip on the shallow plate-boundary thrust of the Japan Trench can occur more easily than for the Nankai Trough.
Our results indicate that large slip resulted from coseismic weakening of the fault due to the abundance of smectite and thermal pressurization. Seismic slip could be promoted even in unstrained portions at shallow depths, as the slip propagates through the smectite-rich fault material under fluid-saturated, impermeable conditions. Similar pelagic clay is widely distributed on the ocean floor, and plate-boundary décollements have developed in these smectite-rich sediment layers at several subduction zones (24, 25) . Such regions also have the potential for very large coseismic displacements on shallow faults, which could generate very large tsunamis similar to the 2011 Tohoku-Oki earthquake. The frictional resistance on a fault during slip controls earthquake dynamics. Friction dissipates heat during an earthquake; therefore, the fault temperature after an earthquake provides insight into the level of friction. The Japan Trench Fast Drilling Project (Integrated Ocean Drilling Program Expedition 343 and 343T) installed a borehole temperature observatory 16 months after the March 2011 moment magnitude 9.0 Tohoku-Oki earthquake across the fault where slip was~50 meters near the trench. After 9 months of operation, the complete sensor string was recovered. A 0.31°C temperature anomaly at the plate boundary fault corresponds to 27 megajoules per square meter of dissipated energy during the earthquake. The resulting apparent friction coefficient of 0.08 is considerably smaller than static values for most rocks. E arthquake rupture propagation and slip are moderated by the dynamic shear resistance on the fault. Any complete model of earthquake growth therefore requires quantifi-cation of shear stress, which is difficult to measure. Historically, the shear stress during an earthquake was thought to nearly equal that controlled by static friction, but recent laboratory experiments and field observations have brought this assumption into question (1, 2) . Direct measurement of the magnitude of earthquake stress is challenging because seismologicalmeasurementsonlyrecordstresschanges.
Rapid-response drilling provides a solution (3). Because the frictional stress during slip results in dissipated heat, subsurface temperature measurements soon after a major earthquake can record the temperature increase over the fault and its decay. If the slip on the fault is known, the thermal observations allow one to infer the frictional shear stress (4, 5). On 15 July 2012, as part of the Japan Trench Fast Drilling Project (JFAST) [Integrated Ocean Drilling Program (IODP) Expedition 343 and 343T], we installed a sub-sea-floor temperature observatory in the Japan Trench through the plate boundary fault zone (Hole C0019D) ( Fig. 1) , which was identified through logging and coring in two adjacent boreholes~30 m away along strike (Holes C0019B and C0019E, respectively) (supplementary text) (6) . The deep-sea drilling vessel Chikyu developed procedures to allow drilling and installation of the observatory at the requisite 6900-m water depth, making it the deepest open-ocean borehole observatory. The observatory consisted of a string of 55 temperature-sensing data loggers with~0.001°C accuracy that extended beneath the sea floor in a fully cased 4.5-inch-inner-diameter borehole (Fig. 1) . Ten of the instruments also recorded pressure at <1 kPa accuracy to provide control on sensor depths.
On 26 April 2013, the Japan Agency for Marine-Earth Science and Technology deep-sea research vessel (R/V) Kairei recovered the observatory sensor string with the remotely operated vehicle Kaiko7000II. All 55 sensors and the sinker bar were recovered from a maximum depth of 820.6 m below sea floor (mbsf). The water depth of the observatory is~8 m deeper than the adjacent coring and logging holes, and thus the fault depth relative to the sea floor is expected to be shallower than observed in logging and coring. The successful recovery implies that there was negligible afterslip or distributed deformation in the borehole 16 to 25 months after the mainshock.
The temperature data reveal a background geothermal gradient of 26.29°T 0.13°C km -1 within the region of 650 to 750 mbsf, resulting in a vertical heat flow value of 30.50 T 2.52 mW m -2 when combined with thermal conductivity of 1.16 T 0.09 W m -1°C-1 over this interval (supplementary methods). The temperature from 812 m to the bottom at 820 m is elevated by as much as 0.31°C relative to this background gradient (Fig. 2) . This is the largest temperature anomaly within the data set and centered on 819 mbsf at the stratigraphic level estimated for the décollement fault zone (6, 7) .
We interpret the temperature anomaly as the frictional heat from the 2011 Tohoku-Oki earthquake. This signal is larger than previous rapidresponse measurements of frictional heat across a fault after an earthquake (4, 5) and is temporally resolved so that its transient nature is distinguished. The temperature data record the combination of the background geotherm, the decaying signature of frictional heating during the 2011 Tohoku-Oki earthquake, and transient effects caused by drilling the borehole and hydrologic processes. Low temperatures relative to the background geotherm early in the experiment (Fig. 2) reflect the effects of water circulation during drilling and equilibration of the observatory upon installation. Because this drilling disturbance acts as a line source compared to the plane or slab source from frictional heating on the fault, its characteristic diffusion time is much shorter, allowing measurement of the frictional heat during the 9-month observatory experiment (8, 9) (supplementary text).
To connect the temperature data to the stress on the fault during slip, we modeled the combined effects of the drilling disturbance and frictional heating on the evolution of the temperature field over time and find the energy during the earthquake dissipated as heat that maximizes the normalized cross-correlation between simulations and data (supplementary text and Fig. 3 ). Parameter values are constrained by independent drilling and material properties data (supplementary text and table S1).
From an inversion exploring a wide range of depths, the preferred location of the frictional boundary is 821.3 mbsf, which is 7718.8 m below mean sea level [7717.8 to 7719.6 mbsl, 90% confidence interval (CI); supplementary text and table S2]. The inversion places the fault below the deepest data logger because the width of the predicted temperature anomaly requires extension to depth for the homogeneous thermal properties used here. However, the peak of the temperature anomaly appears to be above the deepest temperature sensor in the data of Fig. 2, and the width of the anomaly may be governed by a thermal property structure not included in our model. If we constrain the inversion to require the fault to lie near the peak in temperature above the deepest sensor, the preferred location is 819.8 mbsf (7717.3 mbsl). In either case, the inferred depth of the fault in the observatory hole from the frictional heat is above the hard chert as inferred from the rate of penetration during drilling. The fault inferred from the temperature data is at the same stratigraphic level as the plate boundary fault found in the neighboring coring and logging holes (6, 7) . The depth-constrained inversion results in an overlapping range of 27 MJ m -2 (19 to 51 MJ m -2 , 90% CI) of dissipated frictional heat energy during the earthquake along the plate boundary (Fig. 3) . The unconstrained inversion of the temperature observations indicates 31 MJ m -2 (20 to 69 MJ m -2 , 90% CI) (figs. S4 to S6). In both cases, the dissipated energy in this region of highest slip along the trench (10) is comparable to the spatially averaged radiated energy from the earthquake of 6 to 17 MJ m -2 (11, 12) (supplementary text).
Alternative interpretations for a positive temperature anomaly around a fault include the effects of locally reduced thermal conductivity or advection of heat by fluid flow up a permeable fault zone. The magnitude and scale of the observed anomaly, however, are unlikely to be the result of thermal-conductivity differences; the high thermal gradient within the~20 m zone would require a thermal conductivity of 0.73 W m -1°C-1 , in contrast to values of 1.14 T 0.07 W m -1°C -1 measured on core samples from comparable intervals in hole C0019E. Rather than a large decrease at the fault zone, measurements throughout the hanging wall and footwall intervals covered by the sensors reveal relatively uniform values before a sharp increase to 1.40 T 0.19 W m -1°C -1 within chert beneath the sensor string at >829 mbsf ( fig. S2 ). Assuming similar composition, a value of 0.73 W m -1°C-1 would require a bulk porosity of 80 to 86%. Even if the fault zone is dominated by fractures, such large porosities over tens of meters are unlikely and not supported by logging data or cores recovered from adjacent boreholes.
Fluid flow up a fault conduit may also result in a positive temperature anomaly, as is observed at 784 mbsf (Fig. 2) . Generalized models of the effects of fluid flow on a frictional heat signal after an earthquake have shown that large flow velocities resulting from a combination of high permeabilities (>10 −14 m 2 ) and driving overpressures are required (9) . High permeability around 784 mbsf is indicated by resistivity logs and prolonged drilling anomaly decay time (13) (fig. S9 ). Zones of high permeability, most susceptible to the transient drilling disturbance, are also inferred around 765, 800, and 810 mbsf.
None of these indications of high permeability are present at the depth of the inferred slip zone of~820 mbsf, and additional pore fluid chemistry data confirm that little fluid flow occurs along the plate boundary (supplementary text and fig. S9 ). The sudden cooling of the anomaly at 784 mbsf after a large local earthquake on 7 December 2012, and the corresponding heating of a high-permeability zone at 763 mbsf, are consistent with the upward propagation of www.sciencemag.org SCIENCE VOL 342 6 DECEMBER 2013 a fluid pulse driven by either direct stresses or permeability-altering effects of the December 2012 earthquake that changed the preferred flow path for fluids (14, 15) . This interpretation is consistent with borehole images in the interval that show steeply dipping structures conducive to vertical migration of fluids (13) . Spatially correlated temperature variations within these permeable zones during times of suspected advective fluid flow are suggestive of episodic fluctuations in flow velocity. Such large variations are not observed within the décollement. At 784 mbsf, the standard deviation of roughly daily-to-weekly variability is 100% greater than within the décol-lement before the December earthquake, and at 763 mbsf it is 60% greater after the earthquake (supplementary text). The time after the earthquake in which the temperature observations were made is many times as large as the characteristic diffusion time across the slip zone for reasonable estimates of 
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slip zone thickness. Therefore, the measurable temperature anomaly from frictional heating is independent of the slip zone thickness and slip duration and does not directly constrain these parameters (supplementary text). However, by assuming a slip duration ≥50 s and slip zone thickness ≥1 mm, we estimate the maximum peak temperature within the slip zone at this location to be <1250°C (supplementary methods) ( fig. S7) .
The geotherm itself also provides a constraint on the long-term integrated energy dissipated on the fault zone (16, 17) . The conductive vertical heat flux of 30.50 T 2.52 mW m -2 measured here is consistent with subduction thermal models with very little or no long-term displacementaveraged dissipated energy in the form of heat along the plate boundary (17) .
The dissipated energy is the earthquake parameter best constrained by the temperature data; however, laboratory experiments and theoretical models are often based on the coefficient of friction. For a total of 50 m of slip on the fault (10), our best estimate of 27 MJ m -2 of local dissipated energy during the earthquake implies an average shear stress of 0.54 MPa. To compare our results to other studies, we assume an effective normal stress of 7 MPa based on the fault's depth, hydrostatic pore pressure, and measured rock densities, to infer the equivalent coseismic coefficient of friction (supplementary text). The resultant apparent coefficient of friction is 0.08. The result is "apparent" because the effective normal stress is inferred from estimates of pore pressure and fault dip (supplementary text). The very low values of shear stress and apparent co-efficient of friction, which represent displacement averages during the earthquake, are consistent with values determined from high-velocity (1.3 m s -1 ) friction experiments on the Japan Trench plate boundary fault material (18) .
An average shear stress during slip of 0.54 MPa and apparent coefficient of friction of 0.08, as constrained by a measured frictional heat anom-aly~1.5 years after the Tohoku-Oki earthquake, suggest that either friction on the fault is remarkably low throughout the seismic cycle or that there was near total stress release at the JFAST location (19, 20) . This very low shear resistance during slip may help explain the large slip at shallow depths that contributed to the large devastating tsunami.
presenting cells is consistent with the role of the synapse as a cilium surrogate.
Several aspects of the pathway described by de la Roche et al. are distinct from the canonical Hh signaling pathway, suggesting that further clarifi cation is needed (see the fi gure). Hh is usually secreted and functions in a concentration gradient, but the pathway described by the authors occurs within a single cell and is therefore not dependent on a gradient. Do these data support the idea that the immunological synapse is a frustrated cil-ium? Hh signaling functions in Drosophila melanogaster without cilia, so Hh signaling does not necessarily require cilia ( 5) . And while the ability of the MTOC to interact with the plasma membrane during secretion is reminiscent of the basal body below the cilia, basal bodies are anchored to the plasma membrane by a specialized complex of proteins. The MTOC of the cytotoxic T cell appears to have a much more dynamic interaction with the plasma membrane, interacting only transiently with it ( 3) . If the function of primary cilia, however, is mainly to sequester signaling components, this may be achieved in T cells through a specialized vesicular traffi cking system. In this context, the Hh pathway may control such traffi ck to the membrane through MTOC translocation. ( 3) show that an important reason for the large slip is that the shallow fault zone is thin and weak.
The Tohoku rupture started at a depth of about 20 to 30 km and rapidly propagated in all directions along the plate boundary fault (referred to as the megathrust) to grow into a magnitude 9 earthquake (see the fi gure). According to various observations, the maximum slip exceeded 50 m near or at the trench. The large shallow slip caused the sloping sea fl oor above the megathrust to leap eastward, and the sudden disturbance to the seawater resulted in a huge tsunami.
Faults slip at a wide variety of rates. Earthquake rupture, or seismic slip, is fault slip at the highest rate. Traditionally, the shallowest portion of a subduction mega-PERSPECTIVES thrust is expected to resist earthquake rupture because its frictional strength increases with slip rate (rate strengthening) ( 4) . Seismic slip is expected to initiate in a deeper zone (see the fi gure), where the frictional strength falls with slip rate (rate weakening), and to become smaller as it propagates toward the trench (see the fi gure). This model is supported by observations in some subduction zones, such as Sumatra ( 5) , and is similar to what is seen for many continental earthquakes, in which surface rupture is often smaller than slip at depth. The large shallow slip in the Tohoku-Oki earthquake thus came as a surprise.
There are different hypotheses regarding the shallow megathrust at the Japan Trench. In one view, the rate-weakening seismogenic zone extends all the way to the trench. In another, the shallow megathrust is ratestrengthening but unable to resist a large slip propagating from the deeper part of the fault ( 4, 6) . In a third view, it is rate-strengthen-ing when slipping slowly but becomes very weak if the slip accelerates to seismic rates (~1 m/s) ( 7) . Such high-rate weakening has been observed in recent laboratory rock friction experiments regardless of rock type, and various mechanisms have been proposed to explain it ( 8) . Somewhat similar to the third view but without involving high-rate slip is the idea of conditional stability, according to which some rate-strengthening faults can become rate-weakening in response to a small sudden increase in slip rate. The JFAST fi ndings bring us closer to determining which of these views is correct.
By analyzing core samples and in situ geophysical measurements made in the boreholes, Chester et al. found the fault zone to be less than 5 m thick-thinner than in other modern or ancient (but now exhumed) subduction zones ( 9) . The extraordinary localization of shear is caused by a layer of weak clay along which the fault develops. The actual slip zone of the Tohoku-Oki earthquake within this clayey fault (see the fi gure) is expected to be only millimeters to centimeters thick ( 10) . JFAST was able to retrieve core samples from only about 60% of the clayey fault and probably missed the Tohoku slip zone. However, by exposing the available samples to friction experiments, Ujiie et al. show that this weak clay becomes even weaker if put in a 0.8-mm-thin zone that is driven to slip at seismic rates, especially if pore fl uid is not allowed to diffuse away during the slip. With temperature monitoring in a nearby hole, Fulton et al. found that the amount of frictional heat generated by the huge Tohoku rupture was extremely small, putting the weakness of the shallow megathrust during the earthquake beyond doubt. Lin et al. ( 11) previously presented a stress analysis based on JFAST borehole observations that is also consistent with a very weak megathrust.
The weakness of plate boundary faults has long been recognized. An earlier suggestion of extremely low strength of the Japan Trench megathrust ( 12) has been dramatically verified by a reversal of upper-plate stress from compression to tension as a result of the Tohoku-Oki earthquake ( 13, 14) . The JFAST results not only identify the geological reason why the shallow megathrust is so weak, but also show that it may have become even weaker during the magnitude 9 earthquake. Seismic rupture occurs along extremely thin slip zones ( 10) . The weak clay layer that makes the fault zone very thin provides a structural condition to host seismic rupture. The third view about the Japan Trench shallow megathrust discussed above-low-rate strengthening but high-rate weakening-can explain why the huge shallow slip did not happen everywhere along the trench during the Tohoku-Oki earthquake and not every time the seismogenic zone ruptured in the past.
JFAST's achievements are remarkable given the technological challenges of drilling at water depths of ~7 km. Yet even with Chikyu, the only existing scientific drilling vessel capable of drilling at such water depths, drilling efforts can only reach the shallowest part of the immense rupture zone (see the fi gure) and so far only in one location. Although very large slip occurred at the trench in the Tohoku-Oki earthquake, it is unclear whether the peak value of the slip was at the trench or some distance landward of it, and why there were no aftershocks in the most seaward 45 km of the upper plate ( 15) . Further research is required to determine how fault behavior varies with depth as well as laterally along the trench. 
PERSPECTIVES
Concerning plate boundary geodynamics and tsunami hazard, an important question is whether Tohoku-type large shallow slip occurs commonly. The results of Chester et al. suggest that the shallow megathrust at the Japan Trench has special traits not seen in many other subduction zones. Ujiie et al. show that, because of lower clay contents, the fault zone material in the Nankai Trough in southwest Japan is not as weak as that in the Japan Trench.
The JFAST data show how direct borehole sampling and monitoring can help to elucidate the slip behavior of the shallow megathrust. Results from other ongoing and future megathrust drilling projects, such as those at Nankai and off Costa Rica, will enable com-parisons between different subduction zones. However, while studying the shallow part of the fault, scientists must keep in mind that subduction earthquakes may generate devastating tsunamis even without huge shallow slip as in Tohoku, such as in Sumatra in 2004 and Chile in 2010. T he microtubule cytoskeleton, the network of cable-like tubulin polymers found throughout the cytoplasm in all eukaryotic cells, is central to cell division and differentiation throughout biology. Nowhere is this more true than in the plant kingdom. Here, microtubule organization patterns the deposition of cellulose, the prime constituent of cell walls, thus controlling the ability of plants to grow in the direction of light, or phototropism. The research article by Lindeboom et al. on page 1202 of this issue ( 1), together with several recently published studies ( 2, 3) , provides fundamental insights into the mechanism used by plants to switch the orientation of their cortical microtubule array, and therefore the morphology and function of the cells that harbor them, in response to light.
During cell elongation, cortical microtubules, those on the inner face of the plasma membrane, in the Arabidopsis hypocotyl (the stem of a germinating seedling) are arranged in parallel arrays with a predominant orientation almost perpendicular to the axis of expansion of the stem (see the fi gure, panel B, left). In response to light, microtubules undergo a rapid 90° reorientation, so they are now parallel to the stem, thereby changing the cellulose deposition pattern that controls cellular elongation. In an imaging tour de force, Lindeboom et al. now show that this reorientation of the microtubule array proceeds through two phases. The fi rst phase involves γ-tubulin-dependent nucleation of new microtubules at angles ~40° from the existing transverse microtubules, thus generating crossovers. The second involves microtubule number amplifi cation through severing at these microtubule crossovers (see the fi gure, panel B, center). Microtubule crossovers were previously shown to be hotspots for severing in cortical arrays ( 4) . The new microtubule end generated by severing grows at a shallow angle, maintaining the overall orientation of the longitudinal "seed" microtubule, and thereby serves not only to amplify the number of microtubules but also to maintain the general orientation of the seed. This bifurcation of the microtubule by severing and regrowth is reminiscent of a railroad turntable where the subunits of the incoming train are separated from each other and then allowed to progress at different angles (see the fi gure).
The key player in this process is the microtubule-severing enzyme katanin, an AAA adenosine triphosphatase (ATPase) that is thought, by analogy with its family member spastin, to sever the microtubule through extraction of tubulin subunits from the microtubule lattice ( 5, 6) . Lindeboom et al.
show that green fl uorescent protein-labeled katanin is recruited to microtubule crossovers and that this recruitment precedes the formation of new microtubule plus ends (the growing ends of microtubules). A katanin null mutant shows no creation of new microtubule plus ends, as well as impaired reorientation of the array upon exposure to light. Because some of the new ends created by severing the microtubules do not depolymerize but are stable and able to regrow, severing has an overall constructive rather than destructive role and contributes to the net growth of the microtubule array.
One implication of this crossover-activated severing mechanism is that as the array gradually reorients and the population of longitudinal microtubules increases, the frequency of severing decreases (because there are fewer crossovers), thus dampening new microtubule generation and stabilizing the array in its new orientation. Interestingly, a complementary study by Zhang et al. ( 2) , which makes similar observations, proposes that the dominant outcome of severing in the transverse hypocotyl microtubule array is depolymerization, with severing ultimately serving to eliminate unaligned, discordant cortical microtubules. Future studies will likely address the relative contributions of these two outcomes to overall array reorientation.
How does katanin distinguish crossover sites from bundled or single microtubules? A central question in cell biology concerns
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